Abstract-Thin glass films have been produced by implanting Tm 3+ doped and Tm 3+ /Er 3+ codoped tellurite glasses into silica substrates using ultrafast laser plasma doping for the first time. The resulting glass films had thicknesses of up to 2 µm, refractive indices of 1.5-1.65 and exhibited photoluminescence in the 1.5-2.1 µm wavelength region when excited with 808 nm and 976 nm laser diodes. The OH − content of the silica glass substrate was also found to have an effect on the Tm 3+ : 3 F 4 photoluminescence lifetime in the modified thin glass film layer, with the high OH − containing substrate exhibiting a shorter lifetime. Through optimization of the femtosecond laser ablation parameters, we have produced crack-free thin films of Tm 3+ doped tellurite-modified silica glass layers with good thickness uniformities of ±10 nm, and the refractive index of the modified layer is up to 13% higher than the bare substrate material.
I. INTRODUCTION

U
LTRAFAST laser plasma doping (ULPD) has recently been shown to be a viable method for the production of thin glass films with interesting properties. Notable features of the thin films fabricated using this method include the ability to produce a SiO 2 glass network which is modified with TeO 2 based glass without phase separation or crystallization [1] , which is not normally possible through traditional glass fabrication techniques; and importantly doping of the telluritemodified-silica glass layer with larger concentrations of Er 3+ than is possible in pure silica without crystallization, clustering and the associated detrimental effects on Er 3+ spectroscopy, resulting in a record high lifetime-density product of Er 3+ ions in silica [1] , [2] . The same benefits were found when applying the technique using a substrate of silica-on-silicon which is an important material for a range of photonic devices [3] , and the tellurite-modified-silica material is compatible with CMOS manufacturing processes thanks to its stability up to temperatures of around 600°C [4] . RBS, TEM and EDX analysis of thin films fabricated using ULPD revealed that the doped layer is amorphous, homogeneous and that a very well-defined boundary exists between the modified layer and the pristine silica substrate which is necessary for the production of stepindex waveguides [1] , [2] . Codoping of the modified layers can be achieved either by codoping the target glass, or by sequential ablation of separate singly-doped target glasses, providing additional flexibility of fabrication and the ability to produce bespoke doping profiles within the modified layers [2] . The benefits of using tellurite glass as a target material include its ability to dissolve higher concentrations of rare-earth ions than silica glass, resulting in potentially higher optical gains [1] and more compact devices due to the larger absorption and emission cross-sections of rare earth ions in tellurite compared to silicate, fluoride and germanate glasses [5] . The different Te-O structural units which make up tellurite glass also result in inhomogeneous broadening of rare earth ion photoluminescence bands and the possibility of yielding broadband gain devices [1] , [5] . Rare earth doped tellurite glass in various forms has also been demonstrated to yield efficient and compact laser sources [6] . By using ULPD to create hybrid tellurite-silica glass material, it is possible to overcome some of tellurite glass' drawbacks, such as its physical and thermal fragility whilst retaining its ability to dissolve large rare earth ion concentrations without clustering [1] . In this work we employ the ULPD technique to produce thin films of tellurite-modified-silica glass containing Tm 3+ with and without Er 3+ codopant ions and assess their material and spectroscopic properties with a focus on the 1.8 µm photoluminescence from the Tm 3+ :
and Tm 3+ /Er 3+ doped thin films are of interest for a range of applications such as miniature sensors [7] - [9] and broadband planar amplification and light generation devices [10] - [12] .
II. EXPERIMENTAL
A. Target Glass Preparation
Two target glasses with the composition (79-x)TeO 2 -10ZnO-10Na 2 O -1Tm 2 O 3 -xEr 2 O 3 (x = 0, 0.5) mol. % were fabricated for use in the ULPD process, and are subsequently denoted TmTZN and TmErTZN. The samples were prepared using analytical grade precursor chemicals (TeO 2 , ZnO, Na 2 CO 3 , Tm 2 O 3 , Er 2 O 3 ) which were weighed and mixed before being melted in a gold crucible at 850°C in an electric furnace for 3 hours under an atmosphere of flowing (1 l/min) oxygen gas. The melts were cast into preheated brass moulds and annealed at 295°C for 3 hours before being cooled to room temperature at 0.5°C/min. The resulting glass samples with dimensions of 30 × 30 × 5 mm were then polished prior to characterization and ULPD processing.
B. Thin Film Preparation
Thin glass films were fabricated by focusing an ultrafast laser, (Wyvern, KM Labs) with a pulse duration of 45 fs, repetition rate of 1 kHz and peak wavelength of 800 nm onto a target tellurite glass which was placed in a custom pulsed laser deposition chamber (PVD Products), in which a 70-80 mTorr O 2 atmosphere was maintained. The focused laser beam had an elliptical spot with an area of approximately 7 × 10 −5 cm 2 at the target surface. The material which was ablated from the target glass then deposited onto the surface of a 20 × 30 × 1.1 mm Spectrosil 2000 or Infrasil 301 (Heraeus) silica glass substrate which was placed 70 mm above the target glass and was heated to 750°C. The laser beam was rastered across the surface of the target glass at a rate of 5 mm/s and the substrate was rotated at 5 rpm. Table I details the specific fabrication properties for the tellurite-modified-silica thin films prepared for this work. The threshold fluence for laser ablation of TZN glass using a 100 fs, 800 nm laser has recently been found to depend on the laser spot size as well as the number of pulses which are incident on a given area of the target, with a larger spot size and greater number of pulses resulting in a lower ablation threshold fluence of around 0.14 J/cm 2 , compared to 0.51 J/cm 2 for a single pulse with a smaller spot size. The addition of up to 1.5 mol. % Er 3+ ions however, did not affect the ablation threshold of the glass [13] . In this work, we used laser fluences which were significantly higher than the ablation threshold for TZN glass.
The motivation behind using both Spectrosil 2000 and Infrasil 301 silica glass substrates was to investigate how the different substrate OH − concentrations would affect the photoluminescence spectra and lifetime of the rare earth dopants. According to the manufacturer's datasheet, Spectrosil 2000 and Infrasil 301 contain ࣘ1300 ppm and ࣘ8 ppm OH − ion contamination, and consequently exhibit 0% and 76% transmission at 2.7 µm, respectively, for a 10 mm thick sample [14] . The bottom level transition photoluminescence bands of both Tm 3+ and Er 3+ ions at 1.8 µm and 1.5 µm, respectively, are suggestive of suffering from quenching from OH − ion impurity absorption bands in tellurite [5] , [15] , [16] and silicate glasses [17] , [18] . 
C. Characterization
Absorption and transmission spectra were captured using UVvis-NIR, (Lambda 950, Perkin Elmer) and FTIR (Vertex 90, Bruker) spectrophotometers. Photoluminescence spectra and lifetime measurements were made using a photoluminescence spectrometer (FLS920, Edinburgh Instruments) fitted with an InGaAs detector, and 808 nm and 976 nm laser diodes were used as excitation sources. Refractive index and thin film thickness measurements were made using a prism coupler (Model 2010, Metricon) fitted with a 633 nm HeNe laser. Surface analysis of thin films was performed using an atomic force microscope (AFM) operating in tapping mode (D3100, Veeco Digital Instruments, with a Nanoscope IVa controller and 14 nm nominal tip diameter). AFM data was analysed with the open source software Gwyddion [19] .
III. RESULTS AND DISCUSSION
A. Absorption/Transmission Spectroscopy
The absorption spectra of the target glass samples used to fabricate the thin films are shown in Fig. 1 , and the Tm 3+ and Er 3+ energy level transitions responsible for the main peaks have been labeled. It should be noted that Er 3+ also exhibits an absorption band at around 800 nm due to the Er 3+ : 4 I 15/2 → 4 I 9/2 transition, however it is less intense than the Tm 3+ absorption at the same wavelength [20] , and is therefore obscured in the absorption spectrum. Example thin film transmission spectra of the Tm 3+ doped samples TmSp2 and TmIn4 are shown in Fig. 2 , comparing thin films deposited on Spectrosil 2000 and Infrasil 301 substrates where the former exhibits OH − absorption bands at 2.2 µm and 2.7 µm. The rare earth ion absorption bands are not visible due to the thin nature of the doped layers. Interference fringes due to the doped layer are visible in the TmSp2 transmission spectrum, however, the transmission spectrum for sample TmIn4 does not show obvious interference fringes, and this is likely because the doped layer has a relatively low refractive index compared to TmSp2 (see section C). For comparison, the transmission spectrum of the TmTZN tellurite target glass shown in Fig. 2 
exhibits a main OH
− absorption band which is significantly broader than in the silica glass and is shifted to a longer wavelength of 3.37 µm. The TmTZN target glass transmission spectrum also reveals the Tm 3+ absorption bands described in Fig. 1 . The sharp transmission cut-on edge of the thin film spectra at 270 nm provide evidence that the films are of good quality and free from crystallization or phase separation which would result in reduced transmission in the short wavelength visible region due to Rayleigh scattering. For further comparison, the transmission spectra of the bare Spectrosil 2000 and Infrasil 301 substrate materials are also shown in Fig. 2 . The differences in the maximum transmission of the different samples are mainly due to the variations in sample refractive indices resulting in different values of Fresnel reflections from the surfaces which the transmission spectra in Fig. 2 have not been corrected for. The refractive indices (measured at a wavelength of 633 nm) of the bare substrates, TmSp2, TmIn4 and TmTZN are 1.457, 1.650, 1.533 and 2.037, resulting in Fresnel reflections of 3.5%, 6.0%, 4.4% and 11.7%, respectively, for a single face. (For the thin film samples, one face is unmodified substrate and will therefore have Fresnel reflections of 3.5%).
B. Microscopy
The surfaces of the thin glass films were inspected using optical microscopy, and the deposited layers appeared to be of good quality and homogeneous. However, the films produced with a high laser energy for 5 hours or longer show varying degrees of surface cracking, as can be seen in Fig. 3 . The large amount of material deposition associated with long durations and high laser energies results in residual stress in the layer which subsequently causes cracking, whereas shorter depositions or lower laser energy results in high quality crack-free glass thin film layers. The susceptibility of thick layers to cracking is increased because of the coefficient of thermal expansion (CTE) mismatch between Spectrosil 2000 or Infrasil 301 (0.55 × 10 −6 K −1 [14] ) and TZN glass (19.8 × 10 −6 K −1 [21] ) and the elevated processing temperatures used in the ULPD technique. Residual stresses in the thin films may be alleviated to some extent by using thin films of silica-on-silicon as a substrate material, as silicon has an intermediate CTE value of around 4 × 10 −6 -5 × 10 −6 K −1 [22] . Fig. 4(a) -(c) shows contour plots of the refractive index (a, b) and thickness (c) of the TmSp2 thin film measured using prism coupling at a wavelength of 633 nm in TE (a) and TM (b) modes. Fig. 5 and Fig. 6 show the refractive index and thickness mapping of samples TmSp1 and TmIn4, respectively. Compared to TmSp2, TmSp1 was fabricated for a shorter duration, and TmIn4 was fabricated at a lower laser energy with all other parameters kept constant. As a result, both of the TmSp1 and TmIn4 layers are thinner than the TmSp2 layer and supported only a single mode during the prism coupling measurements, and individual TE and TM measurements of refractive index and thickness were therefore not possible. The black dots in the contour plots in Fig. 4-6 mark the positions of the measured data points, and the data has been extrapolated to the edges of the samples, represented by the boundary of the plots. Limitations of the equipment prevent the ability to take measurements very close to the edge of the sample. The measurements clearly show that TmSp2 was thicker and had a higher refractive index in the center of the sample, and this could also be seen by eye in the form of concentric interference fringes in the thin film surface. Fig. 4(d) shows the difference in refractive index Variation of the refractive index (n), refractive index increase compared to the substrate (Δ n) and thickness (t) values measured across the surface of the samples TmSp1, TmSp2 and TmIn4. measured in TE and TM modes (n(TE) -n(TM)), giving an indication of the sample birefringence, which appears to be larger towards the edges of the sample possibly due to residual stress in the material as a result of the thickness variation. Table II shows that the refractive index variation is similar for all three samples (1.1-1.3%), with TmIn4 having a lower refractive index value. This suggests that the lower material deposition rate associated with the lower laser energy results in the layer containing a smaller proportion of tellurite glass compared to silica glass within the modified layer, and that tuning of the layer refractive index should be possible by varying the material deposition rate. Good thickness uniformity, in the order of tens of nanometers, was also achieved in samples TmSp1 and TmIn4 when the deposition time was short or the laser energy was low, respectively. By comparison, TmSp2 exhibited large thickness variation of around 800 nm, which is suspected to be mainly due to the geometry of the rastering profile relative to the substrate concentrating the ablation plume towards the centre of the substrate. It is expected that thickness uniformity can be further improved for thicker samples by optimizing the rastering profile. Prism coupling of samples TmErIn5 and TmIn3 was not possible due to the surface cracking. Table II also compares the increase in the refractive index of the modified layer compared to the bare substrate material, with sample TmSp2 exhibiting a refractive index which is up to 13.2% higher than the substrate. In contrast, thin glass films fabricated via ion exchange exhibit refractive indices which are typically around 2% higher than the substrate [23] .
C. Refractive Index, Thickness and Surface Roughness Mapping
The refractive index of the tellurite-modified-silica layer has previously been shown to increase with increasing rare earth ion concentration [1] , and this was determined to be due to an increase in density of the modified layer due to the incorporation of heavy rare earth and tellurium ions in the silica glass network which is therefore more closely packed [2] . In tellurite glass however, increasing rare earth concentration (or decreasing TeO 2 ) concentration results in decreasing refractive index as can be seen in Fig. 7 [24] , despite the fact that the density of TZN glass increases with increasing rare earth ion concentration [1] , [13] . However, due to its volatility, the concentration of tellurium found in the modified layer is lower than might be expected given its abundance in the target glass [1] , suggesting that the rare earth ions in the modified layers are predominantly in the silica glass network. Fig. 8 shows a contour plot of the RMS surface roughness of sample TmSp2. Each data point, identified by a black dot in the contour plot, is the RMS surface roughness measured using AFM over a 100 × 100 µm section of the sample at that particular location. Over the region of the sample measured, the RMS surface roughness of the thin film layer varied in the range 24-34 nm, which is around 1.2% of the maximum film thickness. Fig. 9 shows the steady-state near-infrared photoluminescence spectra of the target glass samples when excited with either an 808 nm or 976 nm laser diode. As can be seen in the absorption spectra in Fig. 1, 808 3 H 4 energy transfer cross-relaxation process is less efficient than the reverse process (described above) under these conditions, and that ∼800 nm excitation is preferable to ∼980 nm excitation for broadband 1400-1600 nm amplifier applications. These excitation and energy transfer processes are summarized in the energy level diagram displayed in Fig. 10 . Fig. 11(a) compares the normalized near-infrared photoluminescence spectra and (b) lifetime of the 1.8 µm photoluminescence peak of the Tm 3+ singly doped target glass and thin films fabricated using it on Spectrosil 2000 and Infrasil 301 substrate materials upon 808 nm excitation. The shape of the [25] , [26] . Conversely, Er 3+ doped tellurite glass has a broader ground-state photoluminescence band than Er 3+ silica glass, and hence thin films fabricated using ULPD exhibit significantly narrower photoluminescence bands than the target glasses used to fabricate them [1] . The ULPD thin-film fabrication process has been shown to result in mixing of the target and substrate glass networks, resulting in rare-earth dopant ions exhibiting spectroscopic features associated with existing in both glass networks [1] , [2] . The Tm 3+ : 3 H 4 → 3 F 4 photoluminescence band at 1.47 µm which is visible in the target glass spectrum is not visible in either of the Tm 3+ doped thin film spectra, suggesting that the 3 F 4 , 3 H 6 → 3 H 4 , 3 H 4 twofor-one energy transfer cross-relaxation process is enhanced in the thin films. Fig. 11(b) concentration quenching due to OH − ion impurities in tellurite glass, and that reducing the OH − ion concentration results in up to three times longer photoluminescent lifetime [5] . Clustering of Tm 3+ ions in silica glass may also result in concentration quenching due to the enhancement of the 3 F 4 , 3 F 4 → 3 H 6 , 3 H 4 upconversion process [27] , however, these results indicate that there is no evidence of clustering of Tm 3+ ions in the telluritemodified-silica glass thin film with up to 1 mol. % (2.7 wt. %) Tm 3+ containing target glass, similar to Er 3+ and Yb 3+ doped thin films fabricated using the same method [1] , [2] . Fig. 12 compares the normalized photoluminescence spectra of the Tm 3+ /Er 3+ codoped thin film sample (TmErIn5) when excited with 808 nm and 976 nm laser diodes. Under both excitation schemes, 1.8 µm photoluminescence is observed from the Tm 3+ : 3 F 4 → 3 H 6 transition, however, the intensity is lower when using 976 nm excitation. Both excitation schemes also yield photoluminescence at 1.55 µm from the Er 3+ : 4 I 13/2 → 4 I 15/2 transition but it is significantly weaker than is observed from the target bulk glass as shown in Fig. 9 . The lifetime of the 1.8 µm photoluminescence from the Tm 3+ /Er 3+ doped TmErIn5 thin film sample under 808 nm excitation (Fig. 12  inset) [10] - [12] .
D. Photoluminescence Spectroscopy
IV. CONCLUSION
In conclusion, we have prepared Tm 3+ and Tm 3+ /Er 3+ doped thin films of tellurite-modified silica glass using ultrafast laser plasma doping for the first time, yielding layers up to 2 µm thick and with refractive indices of up to 1.65. By optimization of the laser parameters, crack-free films with good thickness uniformity were achieved, and further improvements are expected through optimization of the laser rastering scheme. The thin glass films exhibited strong photoluminescence from the Tm 3+ ions at a wavelength of 1.8 µm which may be useful for sensing applications and miniature planar optical devices.
